Low-carbon steel weld with a high density of oxide inclusions prepared using a experimental metal-cored wire has been examined to study the effect of inclusion size on the formation of acicular ferrite, and to understand the role of inclusion in the nucleation of ferrite lath. Depending on the ferrite morphology associated with inclusions, a total of 282 inclusions observed under TEM could be classified into two groups, i.e. the non-nucleant and the nucleant. Experimental results showed that the group of inclusions acted as nucleant were appreciably larger in size compared with those of non-nucleant resulting in the increased probability of nucleation with the increase of inclusion size, even though the chemical and structural natures appeared to be the same. The group of nucleant-inclusion was further divided into two types depending on the degree of nucleation, which was evaluated by the number of ferrite lath nucleated. Statistical analysis performed on inclusion size indicated that the larger the inclusion size is the more ferrite laths could be nucleated. Those laths nucleated from a large single inclusion have grown in many different radial directions and mostly had a different crystallographic orientation from those of adjacent ferrite laths. As a result of this study, it is demonstrated that larger inclusions are indeed more potent nucleation sites when compared with those of smaller size. Thus it could be concluded that the provision of the inclusion surface as for the inert surface for the heterogeneous nucleation of acicular ferrite lath would be the principal role of inclusions playing in the weld metal of low alloy steels. Other possible mechanisms were also considered, but they were unlikely to be operated in the present weld metal system.
Introduction
Acicular ferrite is one of the microstructural constituents which is most commonly observed in the weld deposit of low-alloy steel and is easily differentiated from other constituents by its fine looking nature. 1, 2) Because of the fine inter-locking nature, this microstructure has been known to impart high toughness and strength 3, 4) and a high proportion of acicular ferrite is generally desirable for improving the mechanical properties of weld metal. Recently, there have been efforts [5] [6] [7] to apply acicular ferrite microstructure even for developing steel plates by offering favorable conditions for its formation in their heat-affected zone (HAZ) and thus for improving the toughness in the region of graincoarsened region of HAZ near fusion boundaries. For these reasons, particular importance has been given to understand the formation mechanism and the factors which affect the nucleation of acicular ferrite in steel welds.
Previously it has been well established that the chemical composition and cooling rate are most important factors controlling the amount of acicular ferrite formed. [8] [9] [10] [11] A lot of authors also have provided convincing evidences that acicular ferrite is essentially intragranularly nucleated banite and is mainly nucleated at inclusions in the weld. [12] [13] [14] Accordingly, if thermal and chemical conditions in the weld favor the ferrite transformation, acicular ferrite will nucleate at inclusions along with other microstructural constituents.
However, there are a lot of confusions in the role of the inclusions for ferrite nucleation. More specifically, it is not clear which type of inclusions are preferable and what characteristics of inclusions are required in order to nucleate acicular ferrite and to promote its nucleation. Various studies have reported that acicular ferrite was nucleated by certain type of inclusion composition and phase. Fine oxide inclusions, 8, 15, 16) boron nitrides precipitated on rare earth metal oxysulfides, 17) aluminum-rich inclusions, 18) and titanium nitride 15, 19) have all been suggested as nucleant inclusions. Bhatti et al. 18) has reported that the inclusions rich in aluminium were more favorable than those of manganeserich and concluded the chemical composition would be the primary factor controlling the their efficiency as nucleants of acicular ferrite formation. More recently, however, Dowling et al. 20) failed to find any correlation between the amount of acicular ferrite and either inclusion composition or phases.
Early workers [21] [22] [23] also have suggested that low mismatch between the inclusion and ferrite would promote nucleation, i.e., those inclusions which show the best 'lattice matching' with ferrite are most effective in nucleating the ferrite. It has even been suggested 24) that there may exist orientation relationships between inclusions and the ferrite laths that they nucleate and has been shown experimentally in the V-containing steel. 5) Another experiments performed in various weld metals, however, failed to demonstrate the presence of a reproducible ferrite/inclusion orientation relationship 20) and no evidence has been established in weld metal yet.
Another idea that has been suggested 25) was the thermally induced stress, that can be developed due to the difference in the thermal expansion coefficient between the austenite and inclusion. This idea is largely based on data showing a large difference in thermal expansion coefficient between austenite and several types of inclusions. If this mechanism was operative, then it would have a significant effect on the local hardenability and hence transformation behavior. However, this idea has been rejected by other researchers, 26, 27) who calculated the resultant strain energy and found it was very trivial compared with the transformation energy.
Besides, there are two more mechanisms favorably being studied as the major role of inclusions for acicular ferrite formation, i.e. the provision of inert surface and the development of chemical variations near inclusion surface. Localized variations in composition, in particular manganese, were initially suggested by Farrar and Watson, 28) but their idea were rejected by Ricks et al. 8) and by Bhatti et al. 18) because they could not find the direct evidence of any variation in compositions of Mn and Si in the close proximity of the inclusions studied. Accordingly, it was concluded that the major effect of weld-metal inclusion was through their ability to reduce the energy barrier to nucleation by acting as an inert substrate. 8, 20) Krauklis et al. 29) showed that a minium particle size of 0.4-0.6 mm was required for acicular ferrite nucleation in the two different welds and agreed to the role of inclusion as an inert substrate. More recently, however, Mabuchi et al. 30) have succeeded to get a direct evidence of Mn depletion at the interface of MnS/ferrite matrix by nano-probe analysis. They believed Mn-depletion was attributable to the formation of MnS precipitate on (Mn, Si) oxide inclusion during cooling and considered this feature to be one of the most important factors to promote acicular ferrite. Another possibility for Mn-depleted region has been shown by Shim 27) and others, 31) who found such region at the diffusion-bonded interface between a layer of Ti 2 O 3 powders and a low carbon steel. They believed that a large number of cation vacancies in Ti 2 O 3 structure facilitated the absorption of Mn from surrounding steel matrix, thereby forming a Mn-depleted region around the particle.
From this brief review of the literature, it is obvious that the role of inclusions in the formation of acicular ferrite is still far from being understood and often directly contradictory. Therefore, this study was intended to study the influence of inclusion in terms of 'inert substrate', 'lattice matching' and 'chemical variation', and to suggest more feasible role of inclusions for the formation of acicular ferrite in the weld metal.
Experimental Procedure
All the specimens studied in this investigation were taken from the last capping pass of the weld made with experimental metal-cored wire, as shown in Fig. 1 . Welding was performed on 25 mm thick plate with Arϩ2%O 2 gas shielding in the flat position. The nominal welding condition was 230A, 20V and 25 cm/min (heat inputϭ1.0 kJ/cm) and the interpass temperature was about 150°C. The resultant weld had a chemical composition of Fe-0.042C-0.40Si-1.51Mn-0.015P-0.01S-0.02Al-0.01Ti-2.3Ni(wt%) with 42 ppm N and 820 ppm O, showing a relatively high oxygen content compared with that of commercial products.
For light optical microscopy, welds were sectioned transversely and mechanically polished prior to etching in 2% nital solution. This specimen was also used for the high magnification observation using scanning electron microscope (SEM). To make thin-foil transmission electron microscope (TEM) specimens, samples were machined out precisely from the last bead region of weld metal in the form of 3 mm diameter round bar. These bar specimens sliced into discs of 0.25 mm in thickness using a diamond cutter. The discs were mechanically ground and then thinned in a twin-jet electro-polisher using an electrolyte consisting of 10% perchloric acid and 90% glacial acetic acid at Ϫ30°C.
TEM of Philips CM200 equipped with Energy Dispersive X-ray Spectroscopy (EDS) were employed to study the details of microstructure formed around the inclusions and to examine the compositional variation in inclusions. Inclusion sizes were measured from the bright-field micrographs taken in TEM, operated at 200 kV. Inclusions smaller than 0.05 mm were not counted in this investigation. The details of lath arrangement around the inclusions were also studied in TEM, and the crystallographic orientation of each ferrites nucleating from inclusions was determined by analysing their selected area diffraction (SAD) patterns obtained from each lath. To study the chemical characteristics of inclusions, EDS analysis was conducted both in SEM and TEM. The experimental procedure involved point analysis, line scanning and X-ray mapping to reveal the details of inclusion constituent phases.
Results

Weld Microstructure and Inclusions
The optical microstructure of the weld is illustrated in Fig. 2 , showing a microstructure developed in as-deposited condition. This weld exhibits a microstructure that consists of predominantly acicular ferrite (over 80%). Prior-austenite grain boundaries are decorated with allotriomorphic ferrite while the interior of the austenite grains is packed with acicular ferrite. This microstructure is characterized with its fine interlocking morpology as shown in a high-magnification optical micrograph, Fig. 2 (b). SEM observation with higher magnification could reveal the imbedded inclusions as shown in Fig. 3(a) . Almost all of the inclusions observed were spherical in shape, with a size up to about 3 mm. In this figure, some of the inclusions appeared to be acted as nucleants for acicular ferrites, i.e. several ferrite laths look like to be fanned outwards from the inclusions. This feature becomes more clear in the high magnification micrograph of Fig. 3(b) , which shows a ferrite lath tightly bonded on the inclusion surface. It is also noted in Fig. 3(a) that the nucleant inclusions are generally larger in size compared with the non-nucleant inclusions.
Preliminary examination with SEM-EDS has been conducted on the inclusion chemistry. The typical result is shown in Fig. 4 , indicating that the present inclusions are rich in oxygen, silicon, manganese and aluminium with a small amount of titanium and sulfur. Both the point analysis and line scanning showed that all the inclusions, regardless of the size, were chemically homogeneous and were absent from any chemical segregation. This is consistent with the work of Bhatti et al. 18) The relative proportion of the major elements varied slightly from inclusion to inclusion but they were distributed quite uniformly throughout the inclusion. Therefore, it was assumed that the major metallic elements were combined with oxygen to give single phase oxide within the MnO-SiO 2 -Al 2 O 3 system. More details of the chemical nature observed with EDS/TEM will be described later.
A typical microstructure of acicular ferrite observed under TEM is shown in Fig. 5 . As shown in this figure, the acicular ferrite constituent consists of fine ferrite laths or plates and the individual lath contains a relatively high density of dislocations, which was noted to be significantly higher than that of grain boundary ferrite. In this micrograph, one can see three inclusions different in size significantly. Through the close examination, it can be realized that the one located in the center, which is the largest, is surrounded by a number of ferrite laths emanating from the inclusion while the other inclusions are just located either within the ferrite lath or on the lath boundary. These two small inclusions seem to be not relevant with ferrite nucle- ation. Another TEM micrograph in Fig. 6 shows the growth morphology of nucleating ferrite; the ferrite lath nucleating from inclusion 'A' grows in a long distance and its width increases as it grow. During its growth, it can sweep over other inclusions resulting in other inclusions to be non-nucleant.
Being aware of such a morphological difference of ferrite, authors were able to classify all the inclusion particles revealed in TEM micrographs into two groups, i.e. the nucleant and the non-nucleant. Each group was further divided into two different types as shown and schematically drawn in Fig. 7 . Firstly, type 1 and type 2 are the inclusions located within the ferrite laths and on the lath boundaries, respectively. Both types of inclusions can be reasonably regarded as the non-nucleant of ferrite because of the absence of ferrite emanation. Secondly, inclusions classified as type 3 are the ones acting as nucleation site but the number of lath nucleated is few, either one or two, so that not more than a half of the inclusion surface is covered by nucleated ferrite. The last type of inclusion classified as type 4 is accompanied with a large number of ferrite laths emanating in all directions and thus covering whole inclusion surface. TEM/SAD analysis on each of these laths confirmed that these were separated largely by high-angle boundaries, as will be described later.
Distribution of Inclusion Size
A total of 282 inclusions observed under TEM micrographs were classified into four different types following the guidelines described above. Among these inclusions, 108 inclusions (38% of the total) were classified to type 1. Type 2, 3 and 4 were recorded as 73 (26%), 73 (26%) and 28 (10%) respectively. It implies that over 60% of inclusions (type 1 and type 2) belong to a group of non-nucleant. Figure 8 shows the size distribution of each type, measured in two-dimensional TEM micrographs. The average size of the total inclusions was calculated to be 0.51 mm. The data in Fig. 8 show that each type of inclusion has a wide variation in size, overlapping with other types. However, it is clear that the average size increases with in- creasing the number of type, i.e. 0.33, 0.51, 0.65 and 0.83 mm for type 1, 2, 3 and 4 respectively. It is also interesting to note in Fig. 8 that a minimum inclusion size of about 0.3 and 0.5 mm seems to be required for being the type 3 and type 4 nucleation respectively, but this requirement is not sufficient for being these types because a lot of inclusions over these sizes are being classified as either type 1 or type 2. For this reason, the probability of inclusions for nucleating acicular ferrite lath at a given size, d i , was estimated by dividing the sum of type 3 and 4 inclusions by the total number of inclusions, as shown in following equation. Figure 9 documents the calculated result as a function of inclusion size and shows the increased probability as the inclusion size increases. This result is quite consistent with that of previous workers, 29) who performed TEM studies in the hot-rolled weld metals subsequently heat-cycled for simulating heat affected zone. Although there is some scatter in data at about 1 mm, it is quite evident that the inclusion size affects ferrite nucleation in a systematic way, showing a transition from non-nucleant to nucleant with increasing the inclusion size. When the inclusion size is less than 0.2 mm, the probability for ferrite nucleation is nearly zero. With increasing the size over 0.2 mm, the probability enhances markedly and reaches 1.0 at about 1.1 mm. This result reflects the fact that the larger the inclusion size is the more potential the inclusion has for ferrite nucleation. It is also important to note that only a portion of inclusions is acting as nucleation sites of ferrite. In the present weld, only 36% of total inclusions, classified as type 3 and 4, are playing an actual role for ferrite nucleation but able to generate a weld microstructure containing acicular ferrite of over 80%.
Probability of nucleation at d i
Crystallographic Orientation of Ferrite Lath
Due to the absence of grain boundary-like features in acicular ferrite, it is difficult to trace the boundaries between areas of different crystallographic orientation in the bright-field images. However, this difficulty can be solved by taking selected area diffraction (SAD) patterns and darkfield (DF) images using TEM.
The TEM micrographs of acicular ferrite accompanying with both type 1 and 2 inclusions are shown in Fig. 10 . The bright-field micrograph contains two parallel laths, lath 'A' and lath 'B', that are different in width. Note that type 2 inclusion is located on the lath boundary of these two laths. SAD patterns taken from each lath show that both have a identical orientation, i.e. [315] . It follows that they are separated by low angle boundaries and thus act as a single crystal against the orientation-sensitive fracture such as brittle cleavage. Such an arrangement of laths as a single unit is commonly observed within the packet of lath martensitic structure, which takes no account of inclusions during its transformation. Therefore, it is expected that those two inclusions were swept over by the ferrite laths nucleated from other locations, as was illustrated in Fig. 6 . Figure 11 shows the typical TEM image of type 3 inclusion having a single nucleation of ferrite and the SAD pattern taken from the surrounding area. The SAD pattern was indexed into two different orientations of [012] and [113] . The areas operating each orientation were identified by dark field technique and the resultant area map is drawn in the inserted figure. As shown in this map, each orientation is bounded by lath boundaries that appear in the bright-field image. The ferrite lath nucleating from the inclusion has [012] orientation while the rest of area is in [113] orientation. Accordingly, the lath boundaries revealed in Fig. 11(a) can be characterized as high-angle boundaries.
Crystallographic analysis on type 4 inclusion was also conducted with the same procedure. The bright-field image in Fig. 12(a) shows typical microstructure of ferrite laths nucleating from a single inclusion of type 4. A total of 8 laths can be figured out by tracing the lath boundaries. Because of the large number of ferrite laths, SAD patterns taken from all the laths were very complicated. However, it could be safely indexed by combining 8 individual patterns taken from each lath. Finally, the SAD pattern was turned out to be comprised of 4 different orientations, i.e. Fig. 12(b) . There is an rotational difference of about 13 degrees between [001] 1 and [001] 2 . Each lath was assigned its orientation and the resultant orientation map is presented in the inserted figure. This figure shows that several laths have same orientation with its neighbours but most of them have not. Accordingly, the lath boundaries can be regarded as either low-or highangle boundaries. These results indicate that each lath nucleates individually with a different orientation to some extent from its neighbors and grows in radial direction, resulting in a inter-locking nature of acicular ferrite.
Inclusion Composition
TEM-EDS analysis was carried out on the thin-foil specimens to determine the inclusion composition and to figure out the constituent phases. Inclusions of varying size and type were examined but all the inclusions observed were chemically homogeneous with some difference in the fraction of the major elements as was found previously in SEM. The homogeneous nature of inclusions classified type 1 and type 4 is shown in Fig. 13 . Regardless of the inclusion type and size, all the major elements even including sulfur are uniformly distributed within a inclusion, reflecting a very complex deoxidation product. Considering that the iron is not a characteristic of the present inclusion but the result of beam-matrix interaction, the present inclusion would be a mixture of SiO 2 -MnO-Al 2 O 3 containing a small amount of titanium and sulfur.
Many authors have reported the heterogeneous nature of inclusions in weld metal, i.e. the existence of several phases within a single inclusion generally in the form of oxide par- ticles partly coated by manganese sulfide 30, 32) or by copper sulfide. 33, 34) However, in the present study it was failed to find such inclusions formed with sulfide coating. Although the exact reason of this has not been identified, the present inclusion may be the type which has low precipitation ratio of MnS. 35, 36) 4. Discussion
The role of Inclusion
The results of present study have confirmed that the acicular ferrite constituent of weld metal microstructure is comprised of intragranularly nucleated ferrite and that the primary nucleation sites were oxide inclusions. Besides, the present study demonstrated that the inclusion size indeed is an important factor for ferrite nucleation and the larger the inclusion size is the higher potential the inclusion has for ferrite nucleation. As for the nucleants, the number of ferrite nucleation tends to increase with inclusion size.
However, the questions still arise as to why and how inclusion size affects the ferrite nucleation. One of the possible explanations is a 'inert substrate model' suggested by Ricks et al. 8) This model is based on the classical theory of heterogeneous nucleation, considering the inclusion to be inert, incoherent and non-deformable. The major findings obtained from this model can be summarized that nucleation at inclusion is always more favorable than homogeneous nucleation but less favorable than nucleation at austenite grain boundaries. The more important thing to note is that the energy barrier to nucleation at inclusion lowers rapidly with increasing the size of inclusion up to about 1 mm. It indicates that the larger inclusion is energetically more favorable site for ferrite nucleation. This is quite consistent with the present experimental results, Fig. 9 , which confirmed that larger inclusions are indeed more potent heterogeneous nucleation sites when compared with smaller size. As a result, it can be concluded that the principal role of the particles in nucleation may be simply to provide an inert surface, in agreement with proposals by Dowling et al. 20) and by Krauklis et al. 29) Nucleation assisted by inert surface is a heterogeneous process in which interfacial energy at the nucleating interface is one of the major controlling factors. Accordingly, an inclusion will be more favorable nucleation site if it has a higher interfacial energy with austenite matrix. Using the general assumption that surface energy increases with melting temperature, then high melting phases such as TiO, Al 2 O 3 and SiO 2 would be expected to have high surface energies. 20) In the weld studied, the inclusion presented a single phase but showed some variation in chemistry. Presumably, even with the same size, each inclusion will have a different chemistry and thus have a different surface energy. A local variation in chemistry to a less extent also can be expected along the inclusion surface. If this is so, then nucleation potential will be different from inclusion to inclusion at a given size and from location to location even at a single inclusion.
Other Mechanisms
As discussed in the introduction, several other mechanisms have been proposed for ferrite nucleation at inclusions. One of them is the nucleation by low mismatch interfaces between nucleant and ferrite, which is also based on the heterogeneous nucleation. In fact, inclusion nucleation will be promoted further if the ferrite can adopt a rational orientation relationship with both the austenite and inclusion. When nucleation proceeds by creation of low mismatch interfaces, the inclusion will have a certain orientation relationship with the inclusion but not with the austenite matrix. Thus all the ferrite laths nucleated from a single inclusion, if it is a homogeneous single phase which is most likely the case of the present study, should show a same orientation which is determined by the inclusion orientation. However, the present result shown in Fig. 12 demonstrates that four different orientations can be produced from a single inclusion. It implies that ferrite nucleates without having any crystallographic relation with inclusion and thus above proposal would not seem to be applicable.
In reality, the inclusions formed in the liquid steel are randomly oriented with respect to surrounding austenite and that the acicular ferrite has a limited number of orientation relationship with the parent austenite due to its characteristic of banitic transformation. It necessarily implies that the inclusion/ferrite orientation relation also has to be random. In view of the nature of the inclusion, again above proposal based on low mismatch interface would appear to be highly unlikely.
Another possible mechanism is the nucleation favored by the Mn-depleted layer possibly formed around the inclusions during cooling either by the secondary precipitation of MnS 30) or by Mn diffusion into inclusions of Ti 2 O 3 .
27,31)
Both of them has been shown experimentally but only in the heat-treated samples. No convincing evidence has been reported in the real weld metal. Considering the limited time available for Mn diffusion during cooling in weld thermal cycle, it seems to be very difficult to form Mn-depleted region. Yet, it will be more difficult to be developed without having either MnS precipitates or Ti 2 O 3 particles. Therefore, considering the absence of such phases in the present weld the authors have concluded that nucleation by Mn-depleted interfacial layer does not occur in the weld metal presently studied.
Conclusion
The effect of inclusion size on ferrite nucleation was confirmed quantitatively through the extensive TEM study. The experimental results shows that the larger inclusions are more preferable sites for the nucleation of acicular ferrite, resulting in transition from non-nucleant to nucleant with increasing inclusion size. As for the nucleant inclusion, the increase in size promotes multiple nucleation of ferrite laths having different crystallographic orientations. Such an effect of inclusion size is in good agreement with the expectation made by the classical theory of heterogeneous nucleation. Because the present inclusions are homogeneous and single phase in chemical nature, the increased probability of ferrite nucleation and the increased number of ferrite nucleation with inclusion size strongly suggest that the major role of inclusion is to provide the inert substrate for ferrite nucleation in weld metal.
